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ABSTRACT 


Presented  in  this  report  is  a  cwcpUttiaa  of  data  on  the  coo  vend  anal 
short-time,  elevated-temperature  properties  of  selected  corrosion- resists** 
and  high-temperature  alloys  applicable  to  airframe  and  missile  laoricatiosu 
The  resultant  recommended  design  data  obtained  in  this  study  have  been  pre¬ 
sented  in  such  form  as  to  be  directly  applicable  to  the  ANC-5  Bulletin 
(issued  by  the  Air  Force-Navy-Civil  Panel)  oe  “Strength  of  Metal  Aircraft 
Clements". 
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MATE  RIALS- PROPERTY- DESIGN  CRITERIA  FOR  METALS 


PART  V  THE  CONVENTIONAL  SKORT-TIME,  ELEVATED- 
TEMPERATURE  PROPERTIES  OP  SELECTED  STAINLESS 
STEELS  AND  SUPER  ALLOTS 


INTRODUCTION 


The  design  strength  properties  of  materials  lor  airframe  sad  missile 
fabrication  presented  in  the  ANC-5  (Air  Force-Navy -Civil)  Ball  elm, 
"S'rength  of  Metal  Aircraft  Elements".  A*  the  needs  of  designers  in  these 
fields  crystallize,  revisions  ot  the  Socameci  are  required  to  introduce  war 
information  into  the  Bulletin  or  revise  current  information  as  more  reliable 
data  become  availab.e.  The  purpose  ot  this  investigation  has  been,  broadly, 
to  study  various  aspects  pertinent  to  design  criteria  as  suggested  by  the  Ma¬ 
terials  Laboratory  of  Wright  Air  Development  Center  and  to  present  the  re¬ 
sults  of  such  studies  it.  a  format  consistent  with  the  present  ANC-5  Bulletin 
for  possible  consideration  by  the  ANC-5  Panel, 

It  should  be  emphasised  that  the  recommended  design- corves  included 
herein  are  not  necessarily  identical  to  any  which  will  ultimately  appear  in 
ANC-5.  Use  of  any  data  appearing  herein  is  therefore  subject  to  approval 
by  the  cognisant  procuring  or  certificating  agency. 

This  report  represents  the  fifth  report  in  this  series.  The  four  pre¬ 
vious  reports  tret 

(1)  ’.VADC  TR  55-150,  Part  1,  "Material* -Property -Design 
Criteria  for  Metals;  Part  1"  (January,  1956). 

(2)  W  ADC  TR  55-150,  Part  2,  "Material* -Property-Design 
Criteria  for  Metals;  Part  2,  A  Study  of  Methods  of  Pre¬ 
senting  Creep  Data  for  Airframe  Design",  by  W.  S.  Hyler 
and  M.  J.  Grover  duly,  1955). 

(3)  W ADC  TR  55-150,  Part  3,  "Mate rials -Property -Design 
Criteria  for  Metals;  Part  3,  Fatigue  EvaioaUr-  ot  Mag¬ 
nesium  Alloys",  by  W.  S.  Hyler  and  F.  H.  Lyon 
(June,  1956). 

(4)  W ADC  TR  55-150,  Part  4,  "Materials- Property- Design 

-  Criteria  for  Metals;  Part  4,  Elastic  ModcJi:  Their  Deter¬ 
mination  sod  Limits  of  Application",  by  S.  A.  Gordon, 

R.  Simon,  and  W.  P.  Achbach  (August,  1956). 
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The  purpose  of  this  prtt^nt  study  it  tc.  compile  ud  pnxat  om 
the  conventional  short-time,  elevated-temperature  properties  at  a  bomber 
of  stainless  steels  and  heat- resistant  alloys  which  are  of  current  interest 
in  airframe  and  missile  fsbricattoa.  It  is  th-  aim  of  this  report  to  provide 
a  basis  upon  which  it  would  be  possible  to  supplement  and  revise  the  current 
issue  of  the  ANC-S  Manual,  It  is  not  intended  that  any  discrepancy  exist 
between  data  contained  in  this  report  and  data  found  in  the  current  ANC-S 
Bulletin.  If  such  discrepsncies  are  noted,  the  ANC-S  values  of  strength  arc 
to  be  used. 


As  a  result  of  mutual  agreement  between  representatives  of  the  Ma¬ 
terials  Laboratory  of  Wright  Air  Development  Center  and  of  Bartelle 
Memorial  Institute,  the  following  commercial  alloys  are  included  ix  this 
report  of  sta:nless  steels  and  heat-resistant  alloys:  (1)  A1SX  301  (ball  hard 
and  full  hard),  (2)  422M,  (3)  17-7PH  (TH  1050  and  TH  950),  (4)  AM-350, 

(5)  17-4PH,  (6)  19-9DL,  (7)  19-9DX,  (8)  A-286,  (9)  Inconel  "X».  and 
(10)  Stainless  "W".  It  was  intended  that  data  be  presented  on  A1S1  420 
stainless  steel:  however,  no  pertinent  data  were  found  available  for  this 
material.  A  brief  discussion  of  each  alloy  is  found  in  the  separate  sections 
of  this  report. 


Foi  convenience,  design  curves  from  each  of  the  specific  material 
sections  are  summarised  at  the  end  of  the  report.  Appendix  i  contains  some 
material-comparison  curves. 

The  authors  wish  to  acknowledge  the  materials  producers,  airframe 
manufacturers,  universities,  research  laboratories,  and  Government 


agencies  listed  below  without  whose  as 
have  been  possible,  A  Bibliography  is 

Allegheny  Ludlum  Steel  Corporation 
Armco  Steel  Corporation 
Babcock  and  Wilcox  Tube  Company 
Carpenter  Steel  Company 
Crucible  Steel  Company  of  America 
Haynes  Stellite  Company 
International  Nickel  Company 
Republic  Steel  Corporatiou 
Timken  Roller  Bearing  Company 
United  States  Steel  Corporation 
Universal  Cyclops  Steel  Corporation 
Vanadium- Alloys  Steel  Company 
Boeing  Airplane  Company 
Chance  Vougbt  Aircraft,  Inc. 

Douglas  Aircraft,  Inc, 

General  Electric  Company 
Glenn  L,  Martin  Company 
North  American  Aviation,  lac. 

Armour  Research  Foundation 


listance  this  investigatiaa  would  not 
included  in  Appendix  EL. 

Southern  Research  Institute 
Titanium  Metallurgical  Laboratory 
(Bsttelle) 

University  of  California 
Cornell  Aeronautical  Laboratory 
Johns  Hopkins  Applied  Physics 
Laboratory 

University  of  Michigan  Research 
F  oundation 
Syracuse  University 
U.  S.  Department  of  Commerce 
(Aircraft  Structures  Branch) 

U.  S,  Department  of  Commerce 
(Materials  Branch) 

National  Advisory  Committee  ess 
Aeronsutics 

National  Bureau  of  Standards 
V  right  At  Development  Cater 
(Materials  Lsboratory) 
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METHOD  OF  APPROACH 


G«H(MlCur£iciiU 


A»  indicated  in  the  "Introduction",  a  Large  number  of  source*  were 
contacted  in  assembling  the  data  from  which  the  study  was  based.  Those 
included  material  producers,  universities,  research  laboratories,  Govern- 
cent  agencies,  and  toe  open  literature. 

Tee  properties  of  interest  included  tensile,  compressive,  shear,  and 
bearing  strengths.  Assessment  of  these  properties  as  a  function  of  tempera¬ 
ture,  exposure  time,  strain  rate,  etc.,  was  made,  consistent  with  avail¬ 
able  data.  For  a  number  of  alloys,  considerable  information  was  available 
on  cutty  of  these  properties;  in  other  cases  only  a  few  properties  had  been 
evaluated.  Thus,  there  developed  in  some  cases  large  jgaps  which  can  be 
taken  care  of  only  by  careful  experimental  programs. 

The  next  several  subsections  relate  in  detail  the  approaches  used  in 
analyzing  the  targe  body  of  data.  It  should  be  pointed  out  that  the  goal  was 
to  provide  conservative  "design"  .urves  of  a  term  currently  used  in  ANC-5. 
For  alloys  iciolung  considerable  data  irons  a  number  of  sources,  procedures 
were  adopted  to  account  for  differences  in  the  data  to  prepare  such  design  ’ 
carves.  Discussion  of  trends  observed  in  the  design  curves  was  beyond  the 
scope  of  the  program. 

Each  alloy  is  considered  in  n  major  section  of  the  report.  This  in¬ 
cludes  a  brief  description  of  the  alloys  and  usual  heat  treatments,  various 
graphs  show'ivg  the  relationship*  between  mechanical  properties  and  tem¬ 
perature,  stress. strain  curves,  etc.  A  final  major  section  contains  the 
recommended  design  corves  for  the  entire  group  of  alloys. 

In  a  number  of  cases  mechanical  properties  were  available  from 
specimens  sectioned  transverse  and  longitudinal  to  the  major  working 
direction,  in  these  cases  both  sets  of  properties  were  treated  separately. 

In  the  following  sections,  curves  treating  transverse  properties  are  ao 
indicated  in  the  graphs. 

The  standard  structural  symbols  ased  throughout  this  report  are: 
Ultimate  tensile  stress 
Tensile  yield  stress 

FCy  Compressive  yield  stress 

fu  Ultimate  shear  stress 
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Fbfu  Ultimate  bearing  sires* 

Fbrj.  Bearing  yield  strei* 

G  Modulu*  of  rigidity 

H  Poisson*  •  ratio 

ksi  Kips  (1000  pound*}  per  square  inch 

pst  Pound*  per  square  inch 

E  Modulus  of  elasticity  in  tension;  average  ratio  of  atreaa 

to  strain  below  proportional  limit 

Ec  Modulus  of  elasticity  in  compression;  average  ratio  of  . 
stress  to  strain  below  proportional  limit. 

Treatment  of  Strength  Properties  Ftu<  F^y, 

Fcy<  Fsu ,  Fbiu»  and  Fbry 

Data  From  One  Source 


When  data  showing  the  effect  of  temperature  (for  any  unique  condition) 
on  any  of  the  above  strength  properties  were  available  from  only  one  source, 
no  analysis  was  necessary.  The  data  were  presented  in  two  ways.  In  the 
first  presentation  the  actual  stress  value  wes  plotted  against  temperature; 
in  the  second,  the  atresa  value  as  a  percentage  of  the  room -temperature 
property  was  plotted  against  temperature.  This  second  curve  is  in  such 
format  as  to  be  readily  inserted  in  the  AMC-5  Bulletin  on  "Strength  of  Metal 
Aircraft  Elements", 


Data  From  Mere  Than  One  Source 


(Ftu).  The  actual  stress  values  for  this  strength  property  are  plotted 
on  one  graph  against  temperature  for  all  sources  of  data.  A  second  graph 
was  prepared  showing  all  the  data  from  all  sources  plotted  as  a  percentage 
of  room-temperature  ultimate  tensile  strength,  against  temperature.  This 
second  graph  also  shows  the  oesigo  curve  that  had  been  approximated  from 
the  data.  A  final  third  graph  was  prepared  showing  only  the  recommended 
design  curve  in  such  format  as  to  be  readily  inserted  in  the  ANC - 5  Bulletin. 
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irty,  rcw,  rIcJ  and  rbry).  rb*  *tr*“  tor  ***** 

properties  «tr«  plotted  temperature  tt  lor  Ftu.  A  *ortda|  tom 

(Acs  ns  dra=-n  <Lth  shewed  the  r«tio  of  the  »Vo"»  pNptrhtt  to  the  olti- 
m»w  tcssilc  jtrttjth  (Fttt)  lor  the  cor responding  teavperaturv  (these  working 
curves  do  not  appear  is  this  report).  Is  some  cases,  s  straight-line 
relationship  or  at  least  »  realistic  trend  to  the  data  ess  apparent.  «’»!■»» 
from  the  » o rkir. 5  c on ts  then  were  utilized  in  eitiW  »hit|  the  relationship 
between  the  mechanical  property  and  temperature.  The  determined  property 
expressed  as  a  percentage  of  the  room- te mpe r at ure  property  was  plotted  an 
a  giaph  u data  from  all  sources.  Again,  a  separate  graph  was  prepared 
indicating  the  re corrurte need  design  curve  in  AN' C - 5  format.  In  those  cases 
in  which  u  was  not  possible  to  establish  a  realistic  tread  in  the  plots  of  the 
ratio  of  mechanical  property  to  ultimate  strength  versus  temperature,  a 
conservative  estimate  was  utilised  is  developing  design  curves. 

Treatment  of  Modulus  of  Elasticity  (E  and  Ej 
anti  Stress -Strain  Data  [Optimisation 
Process) 

General 

The  extensive  data  obtained  for  this  Study  provided,  in  genera),  con* 
side rable  variation  in  modulus  of  elasticity  and  in  the  shapes  of  stress-strain 
curves  of  various  materials.  The  degree  of  scatter  in  modulus  of  elasticity 
is  indicated  for  one  material  in  Figure  1.  To  permit  analyses  of  all  the  data 
for  consistency,  the  foilo*dig  steps  were  taken; 

(1)  Determine  the  ■optimum"  modulus  of  elasticity- 
temperatarc  relationship 

(2)  Adjust  the  atress-strtin  curves  to  fit  the  opcimur* 
modulus  for  each  particular  temperature. 

Determination  of  the  optimum  modulus  of  elasticity- temperature  rein- 
tiooship  was  achieved  by  the  method  of  polynomial  regression  (readily 
adaptable  to  IBM  computation).  This  system  provides  (a)  a  method  of 
approximating  tb-  underlying  relationship  of  variables  by  means  of  a 
polynomial  equation  of  the  form 

-  *  Cf>  ♦  Cl  X  ♦  C2  X2  ♦ - c*  x*  a 


«htn 


Y,  the  dtpcadcDt  nrublc,  is  the  modulus  ol  clasUcty  is  pet, 

X,  the  independent  variable,  is  the  temperature  it  degrees  F,  tad 

Cg,  — Cb  are  the  constant  coefficients  to  be  obouted; 

(b)  a  method  of  estimating  these  coefficients  for  a  polynomini  of  a  given 
degree  from  a  set  of  paired  observations  on  tho  modulus  of  elasticity  and 
temperature;  and  (c)  a  method  of  determining  the  degree  of  the  polynomial 
equation  which  the  data  indicate  is  warranted  and  significant. 

It  was  determined  that  a  polynomial  of  first  or,  at  moat,  the  second 
degree  would  approximate  all  the  data  for  the  various  materials  and  con¬ 
ditions: 


(a)  Y  -  a  4  UX  and 

(b)  Y  ■  a  4  bX  4  tX2. 

Figure  l  shows  a  curve  approximated  by  this  method  and  also  shown 
the  dats  from  which  the  curve  was  derived. 

The  vslue  thus  determined  for  the  modulus  of  elasticity  at  any  given 
temperature  was  called  the  "optimised"  value.  Stress-strain  curves  for 
those  materials  and  conditions  for  which  an  optii-v  red  modulus  has  been 
determined  were  adjusted  so  that  the  modulus  agreed  with  the  optimised 
value.  The  exception  to  this  was  that  whenever  th-  ANC-5  Bulletin  le- 
ported  a  room-temperature  modulus,  tins  value  was  used  in  prefe  rence  an 
any  other. 


Mathematical  Details  of  Optimisation 
of  Modulus  Pats' 


The  effect  of  temperature  on  the  modulus  of  elasticity  can  be  repre¬ 
sented  by  the  equation 


Y  ill  bX 


where 


X  is  the  temperature  and 
Y  is  tbt  modules  cf  elasticity. 
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T 


A  * 

Th«  symbol  T  mesas  that  Y  is  to  be  regressed  os  X;  is  other  words(  Y  is 
the  estimated  or  predicted  Y  given  the  temperature  X.  The  slope  *'bn  of  the 
regression  equation  is  the  regression  coefficient  sad  mathematically  is 

h«£Xf 
b  •  — -  . 

Xx^ 

where  x  sad  y  are  the  deviation  from  the  mesa  X  and  Y. 

The  intercept  *>aM  is  approximated  by  a  ■  Y-bX  where  Y  •  si  sad 


It  can  be  seen  from  Figure  3  that  Y  is  composed  of  three  segmeats: 
y,  y,  and  dy-*,  The  quantity  dy>x  is  the  deviation  from  regression  and  in 
defined  mathematically  as 

T  ■  t  «  dy«* 

Using  the  relation  Y  ■  Y  +  y  +  dy-  x  .tnd  IY  •  XT  +  Zdy-  x,  squaring  bosh 

sides  results  ia 


XY2  «  XY2  ♦  Xy2+  Xdy-s^  „ 

the  three  product  terms  being  aero. 

The  least-squares  curve  can  be  fitted  to  the  data  such  that  Idy**2  “ 

a  minimum  and  — — ^ —  equals  aero.  Standard  methods  of  analysis  were 
£dy  x 

utilised  in  determining  how  well  the  derived  curve  fitted  the  data. 


* 
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A1S1  SOI  STAINLESS  STEEL 
(QQ-S-t.82,  FS  301) 

(MIL-S-S0S9,  Comp  301,  half  and  full  hard) 


A1SI  301  ia  an  austenitic  stainless  steel  which  has  the  nominal  com~ 
position  shown  in  Table  1. 

TABLE!.  NOMINAL  CHEMICAL 
COMPOSITION  OF 
AtSl  301  STAINLESS 
STEEL  (QQ-S-m, 

FS  301) 


Weight 

Element 

Per  Cent 

Carbon 

0.12 

Chromium 

17.00 

Nickel 

7.00 

Iron 

Balance 

The  relative  proportion  of  chromium  and  nickel  enables  A1S1  331  to 
work  harden  rapidly  when  cold  worked;  the  steel  it  well  suited  to  higfc- 
streagU  applications.  Minimum  representative  mechanical  properties  of 
the  half-hard  and  (ull-hard  tempera  arc  given  ta  Table  2. 


TABLE  2.  MINIMUM  REPRESENTATIVE  MECHANICAL 
PROPERTIES  OF  A1SI  301  STAINLESS  STEEL 
(QQ-S  fcS 2,  FS  301) 


Half  Hard 
(AMS-5518C 

Property  1/2  Hard) 

Ultimate  tensile  (Fgu)  150,000  pat 

Tensile  yield  (Fty)  110,000  psl 

Elongation  (e)  in  2  inchea 
Thickness  0.015  inch  and  under  15  per  cent 

Thickness  over  0,015  inch  IS  per  cent 

Hardness  32 


Full  Hard 
(AMS- 55 1  $£ 
Hard) 

185,000  pai 
140,000  pat 

•  per  cent 
9  per  cut 
41  Rc 


The  temper  conditions,  hall  hard  and  full  hard,  are  established  by  the 
tensile  s'rength,  which  in  this  case  ia  150,000  pal  minimum  and  185,000  pa 
minimum,  respectively. 
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Tbt  abort-time,  (l«val(4*Uinjt«r4tart  daU  (or  the  hal(>hard  u>t  lull* 
hard  tempers  arc  iho«a  to  the  (olloviat  curves; 

(1)  Traiilt  properties.  Figures  4  through  11,  and  36  through  42 

(2)  Compressive  properties.  Figures  12  through  13 

(3)  Bearing  properties.  Figures  14  through  19 

(4)  Shear  prope rues.  Figures  20  through  21 


7  V  t* (nr « « 
'  *•  w  »  *  fcS 


y,  A  *  .  ■  a"*’  t* 

v  •••  .•  v  v.-V.v?, 


(S)  Modulus  ol  elasticity,  Figures  22  through  30 


(6)  Stress-strain  curves.  Figures  23  through  29,  and  31  through  3S 

For  301  h«t(  hard,  data  are  meager  (or  compressive  and  shear  prop¬ 
erties;  (or  301  lull  hard  only  tensile  properties  are  available. 
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FIGURE  17.  BEARING  YIELD  STRENGTH  (Fbrv)  OF  AISI  301  (HALF  HARD)  STAINLESS  STEEL 
AT  ELEVATED  TEMPERATURE 
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FIGURE  Zt.  TFXS1LX  STRESS -STRAIN  CURVES  FOR  AISI  301  (HaL^ 
HaAD>  STAINLESS  steel  AT  ios  r 
Ret.  57. 
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FIGURE  28.  TENSILE  STRESS-STRAIN  CURVES  FOR  AISI  301  (HALF 
HARP)  STAINLESS  STEEL  AT  1000  F  . 

R«I.  57. 
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FIGURE  3 J, 


COMPRESSIVE  STRESS -STRAIN  CURVES  FOR  Ad 
(HALF  HARD)  STAINLESS  STEEL  AT  400  F 
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FIGURE  JS.  COMPRESSIVE  STRESS -5 TRAIN  CURVES  FOR  AISI  301 
(HRLF  KAJvJDj  STAINLESS  STEEL  AT  1000  F 

R«f.  *7 
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422M  SfAlNLESi  STEEL 


The  AJSl  400  strio  tU'&loa  >tfvU(  it  a  |taenl  role,  retain  ki|b- 
strength  properties  obtained  by  he*;  treatment  up  <<■  »*"•<  F  btfv;t 
embrittlement  occurs.  A  modi  fie  at  ton  ot  the  Alii  4»>0  type  resulted  in  the 
ferritic  422  grade,  which  has  proven  suitable  fc-r  service  troiad  1000  F.  A 
further  improvement  resulted  m  s  modified  422,  which  is  similar  in  'kmc> 
(eristics  to  422  but  possesses  appreciably  better  elevated-temperature 
strength.  The  nominal  chemical  composition  of  422J4  ia  goes  >n  Table  3. 

TABLE  3.  NOMINAL  CHEMICAL 
COMPOSITION  OF 
422M  STAINLESS 
STEEL 


%  * 

1 

h  eight 

1 

i 

Elemem 

Per  Cent 

1 

Carbon 

0.28 

n 

V 

Manganese 

0.84 

s 

Silicon 

0.24 

N.cVel 

0.20 

Chromium 

11.80 

a 

Vanadium 

0.49 

i 

u 

Tungsten 

1.78 

n 

* 

Molybdenum 

2.24 

1*1 

r* 

Iron 

Balance 

Alloy  422M  is  referred  to  as  a  ferritic  grade  aithoug'i  it  is 
treatable.  A  typical  heal  treatment  (such  as  austemUa-ng  at  2000  F,  oil 
quenching,  and  tempering  at  1200  F  for  2  hours)  results  in  a  mic restructure 
of  tempered  martensite  plus  about  10  per  cent  ferrite.  The  hardness  of  the 
steel  after  this  beat  treatment  is  about  Rockwell  C  38.  Typical  short-time, 
elevated-temperature  properties  of  422M  are  shown  in  the  following  corns: 


Tensile  properties.  Figures  4  3  through  46 
Stress-strain  curves.  Figures  47  through  57 

For  422M,  data  are  completely  lacking  for  compressive,  bearing, 
shear  strengths,  acxi  modulus  of  elasticity  and  stress-strain  curves  at 
elevated  temperatures. 
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FIGURE  S>.  TEKS1UE  STRESS-STRAUi  CURVES  FOR  A22M 
STAIN2JESS  STEELS.  AT  ROOM  TEMPERA  TV  **JE 

Rei.  MT. 
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17-7ra  1*  ■  preelpltatloo-bardanabla  atalnlaaa  atoal  that  baa  good 
etxaagth  propartiea  tip  to  700  T .  The  exposition  la  balanced  as  that,  mm 
annealed,  the  alloy  la  auetenltlo.  Harden  lag  la  acecnpllahed  by  a  double 
beat  treatment.  The  '“’rat  haat  treats  ant  la  at  lb  00  7  to  precipitate 
caroolta  carbide  a  end  thereby  reader  the  alloy  unstable  i  then*  an  coaling 
Vt  below  230  7  tba  auetealte  transferee  to  aarteoaite  (with  tranafosnatlcn 
aatantlally  ocnplaie  at  60  7).  Tba  eeeond  haat  treatment  Is  at  750  to 
1050  7  to  prenote  precipitation  of  whet  era  thought  to  be  alualnta  ooe- 
pcei'de  la  tba  Merten  si  tic  natrlx(356)».  Tba  Q  calnal  cbeodoal  ccnpoeltlaa 
far  17-77H  la  shown  la  Tabla  k,  and  alnlmai  tens  lie  propartlea  are  glean 
la  Tubla  5* 


toe  n  35-130  f*  3 


6$ 


Condition  TH  lOf# 


CcediUon  TH  1050  lx  dr veioped  in  steps  (rare  CukLiioo  A  and  lit* 
Condition  T.  T hr  steel  is  first  solution  lr.erilfJ  11  1950  F  >25  F  lor  3 
minutes  per  tics  w.  i  uxb  of  thickness.  This  treatment  drives  toe  ckromium 
csrbides  into  solution  in  the  austenite,  thus  stabilizing  the  austenite  against 
martensitic  transformation  and  effectively  depresses  the  M,  l  e  rope  rat  ore. 
This  brings  the  steel  tcCondition  A.  The  steel  is  then  treated  at  1406  F 
*25  F  for  %>  minutes  which  results  in  Condition  T.  The  steel  is  now  con¬ 
ditioned  so  that  sufficient  austenite  transformation  can  be  obtained  at  »3  F 
on  cooling.  4  anally,  Condition  TH  1050  is  attained  by  precipitation  harden¬ 
ing  at  10>3  F_ 


Condition  TH  959 

Condition  TH  950  is  developed  in  the  same  nay,  except  that  the  final 
precipitation  hardening  takes  place  at  959  F. 

The  short-time,  elevated-tempi  ratu.*  properties  of  17-7PH  are 
jhovn  in  the  following  corves: 

0>  I  maile  properties.  Figures  5k  through  63  cad  86  through  *9 

(2)  Compressive  prooert_«.  Figures  64  and  65 

(1)  Bearing  properties.  Figures  ih  throogh  f  * 

(4)  Shear  properties.  Figures  70  and  71 

(5)  Modulus  of  elasticity.  Figures  72,  78,  and 

(6)  St ress- strain  carves.  Figures  73  through  77  ,  79  through  S3,  and  05. 

Design  properties  of  17- TP H  {TH  1056)  are  fairly  aell  established,  bat 
only  tensile  propetties  are  available  for  1/-7PH  (TH  950). 
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MOORE  hi.  DESIGN  CURVE  FOR  TENSILE  YIELD  STRENGTH  (F^)  OF  17-7PH  (TH  1050) 
STAINLESS  STEEL  AT  ELEVATED  TEMPERATURE 
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FIGURE  7*>.  TLVSIli;  S  TRESS -STRAIN  CURYES  FOR  17-7PH  (TH  10M) 
STAINLESS  STEEL  AT  400  F 

R»t  354. 
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FIGURE  77.  TENSILE  STRESS-STRAIN  CV'R'TS  FOR  1T-7PH 
(TH  10S0)  STAINLESS  STKfcL  AT  »00  F 

Ret  ISA. 
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FIGURE  81.  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR  I7-7PH 
(TH  10. 0)  STAINLESS  STEEL  AT  600  F 

R*L  35*. 
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FIGURE  hi.  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR  17-7PH 
(TH  1050)  STAINLESS  STEEL  AT  SOD  F 
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FIGURE  83.  COMPRESSIVE  STRESS-STRAIN  CURVES  FOR  17-7PH 
{TH  10SO)  STAINLESS  STEEL  AT  900  T 
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FIGURE  88.  TENSILE  YIELD  STRENGTH  (FO  OF  17-7PH  (TH  850)  STAINLESS  STEEL 
AT  ELEVATED  TEMPERATURT 
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FIGURE  19,  DESIGN  CURVE  FOR  TENSILE  YIELD  STRENGTH  (Fty)  OF  17-tPII  <TH  950) 
STAINLESS  STEEL  AT  ELEVATED  TEMPERATURE 

Ref.  219. 


AM- 350  STAINLESS  STEEL 


AM-350  ia  a  precipitation-hardenable  tUialtia  steel  having  the 
nominal  compos  it  ion  shown  ia  Table  6. 

TABLE  6.  NOMINAL  CHEMICAL 
COMPOSITION  OF 
AM-550  STAINLESS 
STEEL 


Element 

Weight 
Per  Cent 

Carbon 

0. 08 

Manganese 

0.50 

Silicon 

0. 40 

Chromium 

17.00 

Nickel 

4.20 

Molybdenum 

i.75 

Iron 

Balance 

As  annealed,  AM-350  ia  austenitic  and,  like  other  austenitic  stainleaa 
aleels,  is  soft  and  ductile  in  this  condition.  The  composition  has  been  con¬ 
trolled  so  that  the  martensite  transformation  temperature  ia  below  32  F  b«* 
above  -SO  F.  Hardening  is  accomplished  by  "deep  freezing"  the  annealed 
alloy  to  -100  F  (i.e,,  below  the  M,  temperature,  which  allows  the  austenite— 
martensite  transformation  to  proceed),  followed  by  tempering  the  martensitic 
structure  at  about  750  F.  It  is  pointed  out  that  at  750  F  no  precipitation 
occurs  but  that  the  desired  strength  properties  are  obtained  from  the  lean, 
pering  of  the  martensite.  A  double-aging  treatment  is  a  second  beat- 
treating  method. 

Annealing  temperature  has  a  noticeable  effect  cm  the  properties  ob¬ 
tained  after  aging;  1750  F  is  the  optimum  annealing  temperature  for  the 
"deep-freeae  and  temper*'  treatment,  while  1950  F  ia  preferred  tor  the 
"double-age”  heat  treatment. 

The  short-time,  elevated-temperature  properties  of  AM-350  are 
shown  in  the  following  curves: 

(1)  Tensile  properties,  Figures  90  through  93,  95  through  98,  and 
100  through  103. 

(2)  Modulus  of  elasticity.  Figures  94,  99,  104,  109,  and  112. 

(3)  Shear  properties.  Figures  105  and  1 0b. 
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FIGURE  12  5.  EFFECT  OF  ANNEALING,  SUBZERO  COOLJNC,  AND 
TEMPERING  ON  THE  COMPRESSIVE  hJTSS-STRAIH 
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ReL  8S. 

WADC  TR  55-150  Pt  5 


IJ7 


PH-. 


**  ^  * 
V.V.\-  ‘ 


•--V.  V*  s  s 

.  ■  .»,'»•  .  * -'  »’ 


.  ✓  .  *\ 


/  V  V  ■’ 


'  V*  *.*  *w'  .*  V  •-*  ■ 


V  .W 


»  -  »  2 « 


,  vv  v 


17-tPH  STAINLESS  STEEL 


17-4PH  has  a  compw.itm  that  has  been  termed  a  "severely  as- 
b»l»nc4<)n  AtSl  301.  The  austenitic  phase  is  so  unstable  that  it  transforms 
to  martensite  at  about  ZbO  to  300  F ,  upon  cooling  from  th^  annealing  tern* 
perature.  AgiaJ  at  about  400  to  1000  F  picmotea  precipitation  of  inter- 
metallic  compounds  from  the  martensite.  1  he  nominal  composition  of 
17-4PH  is  shown  in  Table  7. 

TABLE  7.  NOMINAL  CHEMICAL  COMPOSITION 
OF  17-4PH  STAINLESS  STEEL 


Element 

* eight 
Per  Cent 

Chromium 

16.50 

Nickel 

4.00 

Copper 

4.00 

Columbium  (niobium)  +  i»»t»liim 

0.35 

Carbon,  muimio 

0.07 

Iron 

Balance 

The  short-time,  dented -temperature  properties  of  li-iPH  are 
shown  in  the  following  carves: 

(1)  Tensile  properties.  Figures  126  through  129  and  138 

(2)  Compressive  properties.  Figures  130  and  131 

(3)  Shear  properties.  Figure*  132  and  133 

(«)  Bearing  properties.  Figure*  134  through  137 

(5)  Modulus  of  elas&rity,  Figures  139  and  141 

(6)  St  rest-strain  curves.  Figures  140  and  142 

Data  are  available  oo  17-4PH  for  all  surveyed  strength  propertiea- 
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riOURE  US.  DESIGN  CURVE  TOR  BEARING  STRENGTH  (Ffcru)  OF  IT-4PH 
STAINLESS  STEEL  AT  ELEVATED  TEMPERATURE 
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IV»DL  ALLOT 
(AMS- 552*11)  (AMS-iM7jg 


Alloy  19-9DL  :s  *  chromium*nuhel  alloy  that  V-t  a  yrrajBmjtUy 
austetuuc  roacU.t,  The  typical  cNin«»1  coupoiitua  is 
Tabic  t. 


TABIJF.  5.  TYPICAL  CHEMICAL  COM¬ 
POSITION  OF  19-9DL  HEAT- 
RESISTANT  ALLOT  'ALS- 
5.V26B)  (AMS-5S27A) 


Element 

Weigh 

Per  C cM 

Carbon 

t.M 

Manganese 

LIS 

Silicon 

C.5S 

Nickel 

9.00 

Chroma o.  . 

19.  M 

Molybdenum 

Ltt 

Tungsten 

L25 

Colombians  ♦  tantalum 

Titanium 

•.21 

Iron 

_ 

Tbe  alloy  19-9DL  is  usually  used  ia  (W  wnt»l«5  ox  «rr»j-rclir»H 
condition  at  tempe  rata  res  below  tpprooiruiUy  1500  F.  For  service  above 
approximately  1500  F,  tbe  alloy  ts  tolulios  treated  sad  and.  Other  cos* 
ditions  are  wtfd  far  numerous  applications.  Table  9  grret  tbe  minim  am 
mechanical  oropert.es  of  19-9DL  itttr  solution  beat  treating  as  1500  F  *25  F 
and  air  coating. 

TABLE  9.  MINIMUM  MECHANICAL  PROPERTIES  09 
19-9CL  ALLOY  (AMS  -SSibBj 


Property 

Cl  innate  tensile  (FpJ 

95,090- 120,900  pot 

I ensile  yield  (Fty) 

45,000  psi  inxxKanm) 

ELseg  anon  (e)  in  2  inches 

50  per  cent  I'nisuiuiun) 

Table  10  fives  the  minimum  mechanical  properties  of  19-9DL  after 
stress  relierxn;  *.  120v  F  *  25  F,  and  atr  cooling. 


1M 
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TABLE  10.  MINIMUM  MECHANICAL  PROPERTIES  OF 
19-9DL  ALLOY  (AMS-SS27A) 


Property 

Ultimate  tensile  (Fiu) 

Tensile  yield  (Fty) 

Elongation  (e)  in  2  inches 

125,000  psi  (minimum) 
90,000  psi  (minimum) 
12  per  cent  (minimum) 

The  short-time,  elcvated-tcmpe raturc  properties  of  19-9DL  are 
shown  in  the  following  curves: 

(1)  Tensile  properties.  Figures  141  through  176. 

Although  the  effect  of  many  conditions  and  heat  treatments  on  the  ten¬ 
sile  strength  of  19-9DL  has  been  investigated,  no  information  is  available 
no  other  design  properties. 
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FIGURE  144.  DESIGN  CURVI  FOR  TENSILE  STRENGTH  (F^)  OF  19-9PL  STAINLESS  STEEL 
(FORGING)  AT  ELEVATED  TEMPERATURE 
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.  I9-9DX  ALLOT 
(AMS-55  3o)  (AMS- 5539) 


The  19-9bX  alloy  wn  developed  in  1950  as  a  columbium-free  version 
of  19-9DL  because  of  the  scarcity  of  columbium  at  that  time.  It  was  found 
that  >f  the  columbium  were  eliminated  in  favor  of  somewhat  higher  titanium 
and  molybdenum  content,  an  alloy  resulted  which  had  equivalent  properties 
at  a  lower  strategic  index.  Tke  typical  chemical  composition  of  19-9DX  is 
given  in  Table  1Z. 

TABLE  11.  TYPICAL  CHEMICAL 
COMPOSITION  OF 
I9-9DX  HEAT- 
RESISTANT  ALLOY 
(AMS-5S38)  (AMS-5539) 


Element 

Weight 
Per  Cent 

Carbon 

0.  30 

Manganese 

1.25 

Silicon 

0.55 

Nickel 

9.00 

Chromium 

19.00 

Molybdenum 

1.50 

Tungsten 

1.25 

Titanium 

0.60 

Iron 

Balance 

The  metallurgy  of  >9-9DX  is  similar  to  tha:  of  19-°DL;  19-9DX  is 
essentially  austenitic.  Alloy  19-9DX  is  usually  used  in  the  annealed  or 
stress-relie ved  condition  for  temperatures  below  approximately  1300  F  and 
ut  the  solution-treated  and  aged  condition  shove  approximately  i300  F. 
Other  conditions  Lave  found  use  in  various  applications.  The  minimum 
mechanical  properties  of  19-9DX  in  the  annealed  condition  are  given  in 
Table  12;  properties  of  19-9DX  in  the  at  ress- relieved  condition  are  given 
in  Table  13. 


TABLE  12.  MINIMUM  MEChANICAL  PROPERTIES  OF 
19-9DX  ALLOY  (AMS-5538) 


Property 

Ultimate  tensile  (Ftu) 
Tensile  yield  (Fty) 
Elongstio:.  (e)  m  2  inches 


95,  000-120,  000  psi 
45,  000  psi  (minimum 
30  per  cent  (mini-  v 
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TABLE  11.  MINIMUM  MECHANICAL  PROPERTIES  OF 
19-9DX  ALLOT  (AMi-SiiJ) 

.  -  j  ■  —  -   - . .  -  —  

Property _ _ 

Ultimate  tensile  (FtJ  Ui,  000  psi  (mimmum) 

Tensile  yield  (Fty)  90,  COO  psi  (minimum) 

Elongation  (e)  in  i  inches  12  per  cent  (minimum) 


The  #hort* *time,  clevated-temperatxje  properties  of  19-9DX  are 
shown  in  the  following  curves: 

(1)  Tensile  properties.  Figures  177  through  162  and  169  through  194 

•  9 

(2)  Cor-^ressive  properties,  F  if  ore*  IB'S  1M,  195,  and. 
t91 

(1)  Beaming  properties.  Figures  165  through  1  >6  and  197 
through  197. 

Stress-strain  curves  and  data  oo  shear  strength  and  modulus  are 
lacking  for  19-9DX. 
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A-286  ALLOT 


The  A-286  is  an  au5teeiti<  alloy  which  has  been  made  heat  treatable 
by  the  addition  of  titanium.  The  typical  chemical  composition  of  A-286  is 
Shown  in  Table  14. 


TABLE  14.  TYPICAL  CHEMICAL 
COMPOSITION  OF 
A- 266  ALLOY 


Element 

Weight 
Per  Cent 

Carbon 

0.046 

Manganese 

1.35 

Silicon 

v 

0. 95 

Nickel 

26.00 

Chromium 

15.  50 

Molybdenum 

1.25 

Titanium 

1.95 

Vanadium 

0.32 

Aluminum 

. 

0.20 

Iron 

Balance 

Alloy  A-286  is  a  precipitation-hardening  alloy  that  develops  U*  opti¬ 
mum  property  s  by  solution  treating  at  1600  F,  followed  by  rapid  cooling 
(oil  quenching  for  large  sections  and  air  cocling  for  thin  sections,  such  a* 
sheet),  and  fually  aging  at  1326  F  for  a  minimum  time  of  12  hours.  The 
aging  treatment  develops  the  strength  of  A-266  by  random  formation  mi  » 
fine  precipitate  in  the  austenitic  matrix. 

The  shcrt-time,  elevated-temperature  properties  of  A-206  arc  shown 
in  the  fallowing  carves: 

(1)  Tensile  properties,  Figures  20 1  through  204 

(2)  Uidulus  of  elasticity.  Figures  206  aad  207 

(3)  Poisson' s  ratio.  Figure  206 

(4)  Stress-strain  curves.  Figure  208 

No  ci  mprrnnr,  shear,  or  bearing  data  were  available  an  A-286. 
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202.  DCS  ION  CURVE  TOR  TENSILE  i  **,WC  il  iTt,x)  OP  *  -286  ALLOY 


R*r.  74. 


INCONEL  -y 
<MiL-N-778b)  (AUS-5542D) 


Iscont)  "X"  i«  a  wrought  nicktl>ba.«  alloy  which  ia  highly  resistant  to 
chemical  corrosion  and  oxidation.  Additions  of  tilamnm  and  aluminum  ren¬ 
der  the  alloy  age-ha rderaSJe.  The  limiting  chemical  compos'tion  of 
Incocel  mXa  is  given  in  Table  IS. 

TABLE  15.  CHEMICAL  COMPOSITION  OF 
INCONEL  nr*  (UIL-N-7784) 

(AMS -5  54  ZD) 


Element 

Weight 

Per  Cent 

Nickel,  minimum 

70.0 

Chromium 

14-14 

Iron 

5-9 

Titanium 

2.25-2.  75 

Columbium  4  tantalum 

0.  7-1.2 

Aluminum 

0.4- 1.0 

Silicon,  maximum 

0.5 

Manganese 

0.  5-1.0 

Copper,  maximum 

0.2 

Carbon,  maximum 

0.08 

Sulfur,  maximum 

0.01 

Two  t>-pical  conditions  for  hot-rolled  Inconel  "X”  are  summarised 

below. 


Fully  Heat-Treated  Hot-Rclled  Rods 

(a)  Solution  treated  at  2100  F  for  4  hours  and  air-cooled 

(b)  Aged  at  1550  F  lor  24  hours  and  air  cooled 

(c)  Aged  at  1300  F  for  20  hours  and  air  cooled. 

Typical  room-temperature  properties  for  this  condition  arc  shown 
in  Table  14. 


LZ1 
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TABLE  16.  TYPICAL  ROOM -TEMPERATURE 
PROPERTIES  OF  FULLY  HEAT- 
TREATED  HOT-ROLLED 
INCONEL  "X" 


Property 

Ultimate  tensile  (FtuJ 

162,  OOO  psi 

Tensile  yield  (Fty) 

92,  0C0  psi 

Elongation  (e)  in  2  inches 

24  per  cent 

Reduction  in  area 

30  per  cent 

Hot  Rolled  and  Aged,  Not 

Solution  Tie&ted 


(a,  Ased  at  1300  F  for  20  hours. 

« 

e  - 

Typ.crl  room-temperature  properties  for  this  condition  *  re  shown 
in  Table  '.7. 


table  n.  typical  room-temperature 

PROPERTIES  OF  HOT-ROLLED 
AND  AGED  INCONEL  “X" 


Property 

Ultimate  tensile  (Ftu) 

184,000  psi 

Tensile  yield  (Fty) 

132,000  psi 

Elongation  (e)  in  2  inches 

24  per  cent 

Reduction  in  ares 

37  per  cost 

N«tc;  All  high-tcmpciKure  best  Beating  bw  be  Sane  is  •  nils- 
tree  umotpltere. 


Minimum  mechanical  properties  of  Inconel  "X*  a*  specified  in  AMS- 
5542D  are  given  in  Table  18. 

TABLE  18.  MINIMUM  MECHANICAL 
PROPERTIES  OF 
INCONEL  “X* 

(AMS-5542D) 


P  roperty 

Ultimate  tensile  (F^ 

155,  000  psi 

Tensile  yield  (F^)  • 

)  00,  000  psi 

El'vneation  (e)  in  l  inches 

20  per  cent 
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The  short-tinse  ritart  propcrtxi  o i  Incooel  •X"  are 

*Wn  is  Um  foUo»is|  ctrm: 

(1)  Ttnsil*  nroptrtifi,  Figures  209  through  215 

(2)  Comprtnitt  pnjxttitt,  Figure*  21s  Md  217 

(3)  Bearing  properties.  Figures  218  through  220 

(4)  Shear  properties.  Figures  221  through  224 
(5|  Modulo*  of  elasticity.  Figures  225  and  227 

(6)  Poisson's  ratio.  Fig  are  228 

(7)  Stress-strain  curves*  Figures  228  through  230 

Data  are  available  ecu  Inconel  rtXn  for  all  surveyed  properties. 
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APPENDIX  1 


MATERIAL  COMPARLSON  CURVES 


For  convenience ,  the  following  curve*  have  beer  plotted  to  show 
relative  strength*  of  the  various  alloy*  discu* ted  in  thi*  report. 
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